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In disaster situations, such as the Hanshin-Awaji earthquake (1995), the World Trade
Center attack (2001), and the Fukushima Daiichi Nuclear Power Plant damaged by the
Great East Japan Earthquake (2011), there is a high possibility of remaining refugees
in collapsed or partially destroyed buildings. In order to help them, it is required to
survey such environments as soon as possible. However, it is very dangerous for rescue
crews to enter directly, because such buildings may be collapsed. To prevent secondary
disasters, rescue robots have a potential to get enter such environment to search victims
instead of human. Actually, in some reactor buildings in Fukushima Daiichi Nuclear
Power Plant after 3.11, rescue mobile robots conducted missions of damage surveillance
and dose ratio measurement.
One of the requirements for rescue robots in such environments is a surveillance
of high-place in large buildings, such as measurement of dose ratio around piping
units in reactor buildings. Unmanned Ground vehicles (UGVs) and Unmanned Aerial
Vehicles (UAVs) have a potential to explore such environments. However, a single robot
system is dicult to cover large and high-place environments. Therefore, an UGV-UAV
combination system for surveillance of high-place in large buildings is proposed in this
research. It is a complementary system of both robots ’advantages. In addition, (1)
recharging battery system for UAV mounted on UGV, (2) tethered foldable multi-rotor
UAV to extend ight time and performance, and (3) a power-supply tethered multi-
rotor UAV system are proposed to for performance gain of the system. Each system
has advantages and disadvantages, so it is required to combine suitable systems to
apply to actual missions. Based on the above researches and developments, usefulness
of UGV-UAV combination system is conrmed, and some methods for performance
gain of UGV-UAV system are validated.
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Abstract
The thesis consists of 6 chapters. In Chapter 2, UGV-UAV combination system is
proposed. A multi-rotor UAV has and advantage of mobility, because it can y and
hover. In addition, it reaches high-place. However, it is dicult to cover wide area
because of short ight duration. On the other hand, UGV, such as tracked vehicles, has
an advantage in traversability, and it covers wide area. However, there is a limitation
to overcome large obstacles. Therefore, a multi-robots system that includes UAV and
UGV is proposed in this research. In the mission scenario, the UGV explores the target
environment with the UAV mounted on the UGV. When the UGV nds diculty to
proceed because of obstacles, the UAV takes o from the UGV, and explore the target
place where the UGV cannot enter. Based on our UGV and Prof. Kumar’s UAV, our
research group conducted the above scenario for construction of a three-dimensional
map in the real damaged building in Tohoku University (Aug. 2011). According to
the result, the above scenario proved usefulness of the system, and some problems are
conrmed. To solve the problems, some researches and developments were conducted,
as shown in the chapters from 3 to 5.
In Chapter 3, recharging battery system for UAV mounted on UGV. It is possible
for UAV to extend its ight time if it recharges on the UGV after returning on UGV’
s heliport. Therefore, light-weight battery-recharging system mounted on UGV is
developed. Because Lipo-battery is used in the UAV system, it requires precise voltage
control for the circuit of the system. In addition, special heliport on UGV is developed
to support UAV during traversal on bumpy surfaces. Finally, it is conrmed that it
extends ight time of UAV 4 times longer than typical missions.
In Chapter 4, tethered foldable multi-rotor UAV is proposed to extend ight time
and performance. A multi-rotor UAV increases its thrust by extend its propeller size.
However, in indoor use, the size of UAV is limited. Therefore, in this research, I
developed foldable multi-rotor UAV, in this research. The UAV has a potential to be
a small size on the UGV, and it extends its size when it ies. However, it requires
pin-point landing when it returns to the heliport on UGV. Therefore, in this research,
I proposed a tethered landing system for this system. Based on the system, landing
error is minimized within plus-minus 10mm.
In Chapter 5, introduce a tether-powered UAV system. The system use an electrical
wire as a tether in a tethered UAV-UGV combined system and is powered from the
UGV. The UGV has enough space and payload to carry a large battery or an electrical
generator, and the UAV can y longer with those energy sources. The problems and
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solutions to provide power by a long tether were well considered by many researchers.
Hence, the UAV talked about in this paper is too small to choose many solutions of a
long tether-powered transfer because of the lesser payload. In the study, we considered
the method that directly provides power to a typical UAV by the tether. To use a
typical UAV, we measure and model a motor with an electrical device that was the
largest part of the electrical load in the UAV. From the model, we can consider the
ight altitude with the power-fed tether and, nally, estimate a maximum ight altitude
when using real parameters of cables.
The study results indicated an availability of the UAV-UGV combined system to
explore a large building, such as the Fukushima Daiichi Nuclear Power Plant. Moreover,
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Size 770 X 770 X 380 mm
Propeller APC11x4.5 (280 mm)
Weight 2630 g
Battery LiPo 3S2P (11.1V 7800mAh)
Motor Hacker A20-20L
Motor Driver Autoquad ESC32
Onboard PC Kontron COMe-cPC2 (Intel Core2Duo 1.86GHz)
Sensor Laser Range Finder, 3x Camera with LED, 2x Depth
Camera, Radiation Counter, Temperature, Humidity
表 3.2: 研究に用いるUGVの諸元
Size(Minimal) 700 X 880 X 516 mm (WLH)
Size(Maximam) 700 X 1140 X 880 mm (WLH)
Weight 77.5 kg















































































































































































































Size(w/o connector) 100 X 170 X 40 mm
Weight 200 g
Output current 0 to 16 A (variable)











開発した充電器の最大出力は21 V, 16 A で336 Wとなる.この時点での効率は実測で97













Size(w/o cable) 42 X 40 X 3 mm
Weight 6 g











































Size(w/o cable) 70 X 40 X 6 mm
Weight 12 g

























































































































































































































































































































Battery LiFe 13.2V 2100mAh 315g
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4.2 可折型マルチロータ機
(a) 展開時 (b) 収納時













る．よって，直角二等辺三角形であるため6 OAB = 6 OBA = 45となる．また，ロータ
接点と原点を結ぶ線分OPは，それぞれの円の接線であり線分ABに垂直である．よっ
て，4OPBは，直角二等辺三角形となるため，線分OBは様に比で表される．
1 : 1 :
p
2 = OP : PB : OB (4.1)







lmin = OP + r
lmin = r + r
lmin = 2r (4.3)
機体最大幅lmaxは，腕部全長lAとロータ半径rから次式で表される．
lmax = lA + r
lmax = (
p
2 + 1)r (4.4)
同様に，格納時についても考える．図より腕部折りたたみ長laと機体最小幅lminが明
白である．
lmin = r (4.5)
la = r (4.6)
また，これより，4OBPは，直角二等辺三角形であるため，各辺は次の比で表される．
1 : 1 :
p





























































4mt = mbody +mo +mP










mBATT = 4mbatt + 3mbody  mo (4.12)
と表現できる．ここで，mBATTとmbattの比を考えると，
mBATT : mbatt
= 4mbatt + 3mbody  mo : mbatt








また，バッテリ容量C Wh と消費電力P W，飛行時間d hは次式の関係を持つ．
































































































mb +m)g  lfg
lf
mg
mb  4m( lfg
lf
  1) (4.23)






mt = 2Fmh + 2Fml (4.24)
の関係が成り立つ．この時，可動腕部が折りたたまれない条件を判定するため，Fmlが
境界条件となる場合を考え，式4.24に式4.20を代入し，Fmhを求める．
2Fmh + 2Fml = (4m+mb)g
2Fmh = (4m  2 lfg
lf
m+mb)g







































































































































































































































































































外寸 470 X 470 X 120 mm
プロペラ直径 203 mm
重量(バッテリを除く) 1140 g
最大合計推力(電源電圧12 V時) 約3200 g








































































































































































































図 5.8: Measured Thrust v.s. Thrust coecient(参考文献[7]より引用)
いて新しいモデルを提案する．
図5.7に示すモータ電流・推力の軌跡より，これらの関係は2次式で近似できるものと




















ル化する．PWM duty が100 % での計測値を図5.12)に示す．この図より，モータ電圧
はモータ電流に比例すると考え，(5.4)として近似する．
Em = Imki1 + ki2 (5.4)
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図 5.9: Appearance of Thrust Test Bench(参考文献[7]より引用)




















































































































機体全体の電流，つまり電線に流れる電流 It を機体のモータ数 n を用いて(5.5)で表
現する．n は，本研究で用いるクアッドコプタであれば4である．




電線の抵抗値 Rc は，抵抗率 r 
/m と，電線長 l から求める．ただし，システム全
体で見ると，正極と負極の2本を経由してマルチロータ機に電源供給されるので，全体
の抵抗値は電線長 l の2倍として求める．



















図 5.12: Measured Current v.s. Measured Voltage(参考文献[7]より引用)
これらの値から，モータ電圧 Em が次のように求められる．
Em = Ev  RcIt (5.7)
ここで， Ev は地上の電源電圧である．
次に飛行重量を求める．これは単純に機体重量と，引き上げている電線の重量により
決定する．飛行重量を Wf ，機体重量を Wb ，引き上げている電線の重量を Wc ，電線
の線密度 c ，飛行高度 h より，次のように表現される．
Wf = Wb +Wc
= Wb + ch (5.8)
なお，飛行高度 h は，その時点での機体の高度であり，電線長 l とは異なることに留意
する．
また，飛行重量が求まることで，機体全体での必要推力 Ftreq が求まる．
Ftreq = gWf + T (5.9)











kt11(Ev   2nrlIm) + kt12




kt11(Ev   2nrlIm) + kt12










最後に，必要電圧を求める．必要電圧 Emreq は，モデル式(5.4)に，必要電流 Imreq を



















Cable 1 0.0255 96 AWG18
Cable 2 0.015 119 AWG16
Cable 3 0.03 13.75 AWG20















































































































































































































(c) @ 32v, 20m




















































































































(c) @ 32v, 20m
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また，要求仕様を基に，2 m 先の1 mmのクラックが判断できることを目標とし，画
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は最大で20 msec に制限される．16 fps の逆数をとり，1 フレームごとの周期は 62.5
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Dは充電時間(単位:時 h )，Iは定電流モード時の電流(単位:アンペア A )，Cはバッテリ
容量(単位:Ah アンペアアワー)である．
D = I=C (A.1)
つまり，7800mAh = 7:8Ahのバッテリを30分程度で充電したければ，充電電流は15.6
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